This study evaluates the use of magnetic properties as an indicator of weathering of tropical soils. Soil samples collected across the tropical belt were analysed for magnetic susceptibility and its frequency dependence. Frequency dependence is caused by superparamagnetic (SP) ferrimagnetic nanoparticles, which are commonly attributed to neoformation during soil forming processes. Magnetic properties are compared to the redness rating of soil colour, which is related to the hematite content and is an established proxy for soil weathering. The investigated samples comprise material of different weathering stages from unweathered and weathered rock to subsoil and strongly weathered topsoil. 
Introduction

Lateritic soil formation
Laterites, (ferralsols, plinthosols or oxisols FAO, 2006; NRCS, 2006) are one of the most widespread soil types in the humid tropics. They are the outcome of long-lasting and intense chemical weathering processes under humid conditions under variable soil moisture regimes.
Laterites are generally characterised by the following features: strong weathering of silicates; the release of Fe and Al ions forming new minerals such as gibbsite and Fe oxides (predominatly goethite and hematite) (Tardy and Roquin, 1992) and the prevalence of kaolinite. Laterites are formed from different geologies (e.g. silicate rocks and limestone) and their composition and properties are strongly controlled by the chemical composition of the parent rock (Schellmann, 1981) .
Reddening
Hematite is a main constituent of lateritic soils and is responsible for their characteristic red colour (Torrent et al. 1983; Fontes and Carvalho 2005) , and is an indicator of weathering state (Schwertmann, 1993) . The neoformation of hematite from the dehydration of ferrihydrite requires elevated soil temperatures and low water activity (Schwertmann, 1993) . Typical laterites are therefore different to strongly weathered soils under permanent humid soil moisture regimes which favour goethite over hematite formation (Fontes and Carvalho, 2005) , where in this case, hematite content is not a suitable proxy for weathering. The verification of the paragenetic formation of maghemite and hematite was accomplished by Torrent et al. (2006 Torrent et al. ( , 2010a .
Soil magnetic susceptibility
Soil magnetic susceptibility is caused by the presence of ferrimagnetic Fe and Fe/Ti Oxides such as magnetite, titanomagnetite and maghemite that are stable in soils and can accumulate due to their resistance to weathering. The absolute value of susceptibility is proportional to the amount of ferrimagnetic minerals and is also influenced by the mineral particle size. Grain sizes depend on the provenance and conditions of formation. Macro-sized multidomain (MD) ferrimagnetic minerals tend to be of lithogenic origin (formed during the crystallisation of igneous rocks), derived from the weathering of ultrabasic and basic igneous rocks. In contrast, ultrafine grained ferrimagnetic minerals are thought to form mainly during pedogenesis (Maher and Taylor, 1988) . These minerals are superparamagnetic (SP) and show frequencydependence of magnetic susceptibility. This behaviour is based on the relaxation of the SP minerals which gives rise to a time decay of magnetisation termed magnetic viscosity (Néel, 1949) . Thus, quantifying this property can potentially provide a proxy for soil formation and weathering in certain environments.
Ferrimagnetic mineral formation and co-formation of hematite
Ferrimagnetic minerals of pedogenic origin form during weathering and soil genesis by geochemical or bacterial processes. There are several theories describing these processes. The first describes ferrihydrite transforming to magnetite via partial dehydration and oxidation in the presence of excess Fe 2+ ions in solution (Schwertmann, 1988; Dearing et al., 1996) .
Subsequently, magnetite may oxidise to maghemite. This pathway requires the sufficient release of Fe from the parent material through hydrolysis and subsequent dissolution by Fereducing bacteria. When a critical concentration of Fe 2+ is reached, it will be oxidised. These transformations are facilitated by wetting and drying cycles in soils with corresponding changes in water activity, pH and redox conditions.
A second theory assumes pedogenic enhancement of ferrimagnetic minerals in tropical and subtropical soils also occurs in conjunction with pedogenic hematite formation (Torrent et al. 2006 ). Warm to hot and sub-humid to humid climates favour the dehydration that is necessary to transform ferrihydrite to hematite (Schwertman, 1988 While it is common to regard the visible Fe oxides such as hematite and goethite as products and indicators of soil development it is still rare to use the ferrimagnetic iron oxides for that purpose. It has been demonstrated that the presence of the magnetic iron oxide fraction of soils is also a widespread phenomenon that responds to and reflects soil forming processes (Mullins (1977) ; Maher (1986) . The advantage of using magnetic susceptibility as an indicator for soil development is that this property provides a quantitative measure of the amount of ferrimagnets and is relatively easy to measure.
Many investigations of magnetic properties have been conducted in soils of temperate or subtropical regions, only very few analyses are available for tropical soils. It is generally assumed that an increase in soil magnetic susceptibility occurs with an increasing age of the soil and with climate being warmer and wetter (cf. Singer et al., 1996; Torrent et al., 2010a) .
Therefore deeply weathered lateritic soils are suitable environments to verify the relationship between soil formation and soil magnetic properties.
The aim of this study is to i) investigate the potential of ferrimagnetic compounds as a proxy for soil formation and weathering in tropical environments, ii) identify if magnetic susceptibility is a result of pedogenic neoformation or if there is a significant lithogenic overprint and iii) investigate the relationship between soil reddening and magnetic susceptibility according to different parent rock types.
Materials and Methods
Soil samples
The soil samples originate from the geoscientific collection of the Federal Institute for A sub-set of 506 samples was selected and includes topsoil and subsoil from various depths, in addition to weathered and unweathered parent rocks (Table 1) . Table 1 also lists the countries of origin of the samples and parent rock type based on the original field description. The classification of the igneous rocks was made by consulting available geochemical data of the samples which resulted in basic gabbro being classified as ultrabasic.
Determination of magnetic susceptibility
Measurements of volume-specific magnetic susceptibility κ were conducted using a MS2B
sensor (Bartington Instruments, Witney, UK ; Dearing, 1999) . The dry homogenised soil samples were filled into 10 ml plastic boxes and measured at two frequencies (LF: 465 Hz and HF: 4.65 kHz) at a magnetic field strength of approximately H = 80 A/m. Each sample was measured ten times to ensure high reproducibility and the mean value was used for further analysis. In addition, the filling levels of the boxes were measured and the susceptibility results were adjusted according to the sample volume (Preetz et al., 2008) . Volume-specific susceptibility κ was transformed into mass-specific susceptibility χ by dividing by the sample bulk density.
Determination of soil colour
Most soils containing hematite have Munsell hues between 5YR and 10R. The occurrence of these colours usually relate to the state of weathering due to the pigmenting power of hematite (Schwertmann, 1993) .
The colours of the dry and homogenised soil samples were visually determined using the "Munsell Soil Color Charts" (Munsell Color Company, 1975) . The determination was carried out by two independent observers under controlled lighting conditions by the use of a natural light lamp with a colour temperature of 6500 K and a spectral composition equal to natural light. The resulting Munsell values were transformed to a redness rating (RR) originally developed by Torrent et al. (1980) as a measure for the intensity of reddening. It is expressed as follows: RR = (10-H)·C/V, with H = hue, C = chroma and V = value. Whilst this method is subjective it was selected so that redness could be determined by any observer without the need for a spectrophotometer and can also be applied to standard field description of soils where a Munsell colour has been recorded in the absence of actual samples.
A comparison of the colour determination by the two individual observers is given in Figure 1 .
Both results correspond well and demonstrate the reproducibility of the method. For further analysis, the mean of both individual results is used.
Geochemical analysis
Geochemical analysis of the samples was accomplished using X-ray fluorescence (XRF) with a Philips spectrometer PW 1220. The samples were prepared by melting with a flux (1 part of sample and 5 parts of Li-metaborate) at 1250°C, and international standards were used for calibration (Schellmann, 1986) .
Results and discussion
The samples were grouped according to their parent material and each group was further subdivided according to the degree of weathering into unweathered parent material, weathered parent material, subsoil and topsoil (Table 1) . Generally there is a trend for increasing lowfrequency magnetic susceptibility (χLF), frequency-dependent magnetic susceptibility (Δχ) and Table   2 ) and there is no significant correlation between LF susceptibility and RR (Figure 3 ) or between FD susceptibility and RR (Figure 4 ). These soils also show low enrichment factors in magnetic susceptibility (Table 2) Magnetite and titanomagnetite are ubiquitous minerals in these rock types and are typically concentrated in the stable heavy metal fraction of tropical soils (Kanig, 1990) . This results in enhancement of frequency-dependent magnetic susceptibility and in the case of soils from ultrabasic rock also the low-frequency susceptibility from residual enrichment of weatheringresistant magnetite/titanomagnetite of all grain sizes (MD, SSD and SP). The general stability of magnetite, similar to that of hematite, has also been identified in Mediterranean soils (Di Figlia et al. 2007) . SP minerals are typically thought to be an indicator of pedogenic processes but they can appear in volcanic rock itself, formed from a short crystallisation phase during very rapidly cooling of magma. Hence, they can preferably occur in volcanic rocks such as glasses and basalts (Zhou et al., 2000; Knudsen et al., 2005) . This questions the use of FD susceptibility as suitable proxy for tropical soil development on these parent material types because the SP minerals can also be of lithogenic origin.
The lithogenic input of coarser ferrimagnetic particles can further contribute to the increase of frequency-dependent susceptibility via the disintegration of MD and SSD particles rather than neoformation of SP particles. Comminution of lithogenic MD particles by weathering (Maher 1998 ) may be intensified in laterites due to the long timescales of weathering. During the process of comminution, less hematite seems to be formed than during the inorganic neoformation of SP minerals, which would explain the low correlation of χLF or Δχ with RR for the group of ultrabasic, basic and intermediate rocks.
Acid igneous rocks
Topsoils developed on acid igneous rocks have moderate susceptibility (median χLF 94 x 10 -8 m 3 kg -1 ) and low concentrations of SP minerals (median Δχ 3.8 x 10 -8 m 3 kg -1 ) ( Table 2 ). There is a weak positive correlation between magnetic parameters and RR (Figures 3 and 4) . This weak positive correlation between RR and χLF and Δχ indicate a relationship between the neoformation of ferrimagnets in the SP grain size and the formation of hematite. Since acid rocks commonly only contain small proportions of magnetite a residual enrichment mechanism for the enhanced magnetic susceptibility can be excluded. There is also a higher AF for Δχ susceptibility than for χLF (Table 2) , supporting the assumption of neoformation of ferrimagnetic minerals over a lithogenic input.
Clay and clay slates
Topsoils developed on clays have moderate susceptibility (median χLF 189 x 10 -8 m 3 kg -1 ) and moderate concentrations of SP minerals (median Δχ 8.4 x 10 -8 m 3 kg -1 ) ( Table 2 ). There is a clear separation between the magnetic susceptibility of the parent material and soil (Figure 2) also indicated by an enhanced accumulation factor (Table 2 ). There is a strong correlation between RR and magnetic properties in soils developed from clays and clay slates. Compared to soils on basic and ultrabasic rocks there is a greater differentiation between the soil and parent material magnetic susceptibility and a moderate enhancement of Δχ that is also positively correlated with RR.
Although the soils developed from clays were subject to similar chemical weathering to the other parent material groups the increase of frequency-dependent susceptibility and RR in weathered claystones and slates suggests that neoformation of SP minerals already occurs in early stages of the laterisation process. This indicates the dominant mechanism is neoformation of ferrimagnetic minerals for magnetic enhancement in these soils.
The model of neoformation of Dearing et al. (1996) to maghemite that subsequently oxidises to hematite. The first step is faster than the second. It is also coupled to soil conditions remaining moist, but not saturated most of the year and warm enough for substantial mineral transformation. These conditions are typical for the investigated lateritic soil types.
Phyllite rocks
Results for soils from phyllites should be interpreted with caution due to small sample numbers (n= 21). Phyllites are formed during low-grade regional metamorphism of predominantly clay slates and other clayey sediments so they provide comparable conditions for tropical soil formation as the clay/clay slate group. They also show a trend towards increasing χLF, Δχ and RR with weathering intensity (Figure 2 ). The topsoil samples (n=2) have high χLF (median 1264 x 10 -8 m 3 kg -1 ), subsoil samples also show enhancement of susceptibility (Table 2) .
Samples also show a positive but slightly weaker correlation between RR and χLF and Δχ than the clay/clay slate sediments (Figures 3 and 4) . Based on the discussion above we conclude that enhanced magnetic susceptibility in combination with increased reddening in laterites developed from phyllites is mainly due to pedogenic neoformation. Lithogenic ferrimagnets inherited from parent material may play a minor role.
Sandstone
The number of laterite samples derived from sandstone is low (n= 19) but the results provide an indication of increased χLF and Δχ with weathering intensity (Figure 2 ). However there is little correlation between the magnetic properties and RR (Figures 3 and 4) . This lack of reddening and increase in SP minerals during soil genesis suggests either a dominant lithogenic input for the origin of the magnetic minerals or soil conditions are less conducive to the formation of ferrimagentic minerals. In soils derived from sandstones ferrimagnetic particles can be detrital, stemming from fresh rocks of the source area of the sediments and/or from pedogenic processes that take place before the material was eroded and deposited (Hounslow, 1996; Maher and Taylor, 1988; Von Suchodoletz et al. 2009 ). Moreover, magnetite is often concentrated as a placer deposit along the border of shorelines which is conserved in the resulting sediments. Although our data set is too small for general conclusions in this context, it provides evidence that lithogenic inputs into magnetic compounds of tropical soils could also occur from acid clastic sediments.
Summary and conclusions
The relationship between reddening (as redness rating RR) and magnetic properties (low frequency magnetic susceptibility χLF and frequency dependent magnetic susceptibility Δχ)
was investigated for its potential as a proxy for characterising weathering and environmental conditions of tropical soil formation. All of the investigated samples belong to the same general soil type and were therefore subject to comparable environmental and soil forming conditions such as changes in wetting and drying, and related redox potential changes.
The data indicates that given sufficient Fe supply magnetic susceptibility increases with increasing soil age (Boyle et al., 2010) and with weathering regimes with increasing temperature and moisture (Singer et al., 1996) . However, this relationship has limitations because the underlying mechanisms of magnetic enhancement show differences depending on the nature of the parent rock. The dataset does not support a universal pathway of magnetic enhancement for all laterite soils. Parent rock is shown to have a strong influence on the chemical composition of lateritic soils (Schellmann, 1986) , causing differentiation between lateritic soils on different patent materials.
The following conclusions can be drawn regarding our results of RR and magnetic properties being used as proxies for soil development stages in lateritic soils:
i) The enhancement of ferrimagnetic minerals in tropical soils deriving from ultrabasic and basic/intermediate rocks is due to a strong lithogenic overprint. Thus magnetic measurements in these soils are not useful proxies for neoformed pedogenic ferrimagnetic minerals and corresponding soil development. The enrichment of weathering-resistant ferrimagnetic iron oxides is concordant with lateritic processes and enrichment of certain elements such as Al (Schellmann, 1981) .
ii) Soils stemming from clay and clay slate, phyllite and acid igneous rocks show a strong positive correlation between RR and magnetic susceptibility and indicate neoformation of SP ferrimagnetic minerals, thus making these measurements a suitable proxy for soil development in these soils. Pedogenic hematite has been suggested to derive from the transformation of ferrimagnetic minerals. If this were the case as hematite content increases, magnetic properties should decrease, which has not been shown in these samples. The coexistence of hematite and ferrimagnetic minerals after such long weathering histories in laterites suggest that other pathways may take place during tropical weathering and laterite formation. In laterites derived from clay substrates two phases (detrital and secondary) of kaolinite have been observed (Balan, et al., 2007) . This suggests long-term active phases of dissolution and neoformation are evident in laterites on these substrates and these processes could also be relevant for the continued production of pedogenic ferrimagnetic minerals over long weathering timescales.
Further investigations should address if the stability of SP minerals that stem from neoformation are similar to lithogenic sources. This could provide fundamental information to identify the different origins for magnetic enhancement in tropical soils and the subsequent reliability as a soil development index in lateritic soils. 
